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Contrast sensitivity is strongly associated with daily functioning among older adults, but the genetic and environmental contributions
to this ability are unknown. Using the classical twin method, we addressed this issue by examining contrast sensitivity at ﬁve spatial fre-
quencies (1.5–18 cycles per degree) in 718 middle-aged male twins from the Vietnam Era Twin Study of Aging (VETSA). Heritability
estimates were modest (14–38%), whereas individual-speciﬁc environmental inﬂuences accounted for 62–86% of the variance. Identifying
the types of individual-speciﬁc events that impact contrast sensitivity may suggest interventions to modulate this ability and thereby
improve overall quality of life as adults age.
 2007 Elsevier Ltd. All rights reserved.
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Basic visual abilities such as acuity, contrast sensitivity,
motion detection, color discrimination, and depth percep-
tion are all aﬀected by aging, but the sources of variability
in visual status across older individuals are as yet incom-
pletely understood. Increasingly, it is recognized that deﬁcits
in basic visual abilities contribute signiﬁcantly to impair-
ments in higher cognitive processes and activities of daily liv-
ing. This relation between vision, cognition, and daily
function has been reported in healthy older adults (Ball &
Sekuler, 1986; Gilmore, Spinks, & Thomas, 2006; Gilmore,
Thomas, Klitz, Persanyi, & Tomsak, 1996; Owsley, Sekuler,
& Boldt, 1981) as well as in individuals with age-related neu-
rodegenerative disorders, such as Alzheimer’s disease (Cro-0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2007.04.017
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E-mail address: alicecg@bu.edu (A. Cronin-Golomb).nin-Golomb, Corkin, & Growdon, 1995; Dunne,
Neargarder, Cipolloni, & Cronin-Golomb, 2004; Gilmore,
Cronin-Golomb, Neargarder, & Morrison, 2005; Gilmore
et al., 1996; Gilmore et al., 2006) and Parkinson’s disease
(Amick, Cronin-Golomb, & Gilmore, 2003; Davidsdottir,
Cronin-Golomb, & Lee, 2005). As the population ages it
becomes more important to determine the sources of varia-
tion in visual abilities in order to permit the development
of visual interventions thatmay improve cognition and daily
function. In particular, determination of the relative contri-
butions of genetic and environmental inﬂuences on visual
ability may be especially enlightening.
Spatial frequency contrast sensitivity is one of the most
studied visual abilities, in part because of its association
with deﬁcits in daily function in older adults (e.g., Cor-
mack, Tovee, & Ballard, 2000; Dargent-Molina, Hayes,
& Bre´art, 1996; Dunne et al., 2004; Elliot, Bullimore, Patla,
& Whitaker, 1996; Elliott, Hurst, & Weatherill, 1990; Lord,
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up to 57% of the variance in performance of activities of
daily living (ADLs) in older adults is attributable to vari-
ability in acuity and contrast sensitivity (West et al.,
2002). One study indicated that a twofold reduction in con-
trast sensitivity resulted in a three- to ﬁvefold increase of
diﬃculty with ADLs (Rubin et al., 2001). Deﬁcient con-
trast sensitivity may arise from dysfunction at multiple
points along the visual pathways, from the lens and retina
to primary visual cortex and higher cortical areas (reviewed
in Cronin-Golomb & Gilmore, 2003; Matjucha & Katz,
1994; Spear, 1993).
In normal aging, changes in contrast sensitivity are well
established for higher spatial frequencies. High-frequency
loss is common in normal aging owing in part to changes
in the lens and other anterior structures but mainly to neu-
ral factors, such as changes in the retina or central visual
pathways (Matjucha & Katz, 1994; Owsley, Gardner, Sek-
uler, & Lieberman, 1985; Owsley, Sekuler, & Siemsen,
1983; Spear, 1993). In a study stratifying by age (Owsley
et al., 1983), it was found that age had no eﬀect on static
contrast sensitivity at the lower frequencies of 0.5 and 1.0
cpd, but sensitivity decreased at higher frequencies (2.0–
16.0 cpd) beginning at about 40–50 years of age. Given
the evidence for genetic inﬂuence on other factors that
show age-related change (see Bergeman, 1997; Finkel,
Pedersen, Berg, & Johansson, 2000; Pedersen, 1996, for
reviews), it is possible that genetic factors may also play
a role in contrast sensitivity. The ﬁnding that age-related
declines in contrast sensitivity are not seen at all spatial fre-
quencies suggests that there may be diﬀerent mechanisms
involved, and that the importance of genetic and environ-
mental factors may vary for diﬀerent frequencies.
To our knowledge, there are no published data that
address the relative inﬂuence of genetic and environmental
inﬂuence on variation in contrast sensitivity. However, a
number of disorders with a strong genetic component are
also associated with contrast sensitivity loss at some or most
spatial frequencies, including Alzheimer’s disease, especially
at the lower frequencies (Cronin-Golomb et al., 1991;
Cronin-Golomb et al., 2000; Mendola, Cronin-Golomb,
Corkin, & Growdon, 1995) and optic neuritis of various eti-
ologies, especially for the middle range of frequencies (Ash-
worth, Aspinall, & Mitchell, 1989; Wright, Drasdo, &
Harding, 1987). If there is evidence of genetic inﬂuence on
contrast sensitivity, this could indicate that contrast sensitiv-
ity may be considered a possible endophenotype for these
disorders (Gottesman & Gould, 2003). Alternatively, genes
causing these disorders might have a direct inﬂuence on con-
trast sensitivity (e.g., as a result of visual cortex atrophy).
The mechanisms through which the same or diﬀerent genes
may aﬀect such disorders as well as contrast sensitivity can
be determined by multivariate genetic analyses, but such
analysesmust await basic studies of genetic and environmen-
tal inﬂuences on contrast sensitivity itself.
In the present study, we used the twin method to exam-
ine the heritability of visual spatial frequency contrastsensitivity in a large cohort of middle-aged men from the
ﬁrst wave of the longitudinal Vietnam Era Twin Study of
Aging (VETSA). The twin method allows the estimation
of the relative inﬂuences of genes and environment on a
particular trait or ability, such as contrast sensitivity.
Because monozygotic (MZ) twins share all of their genes
whereas dizygotic (DZ) twins, like other siblings, share
on average 50% of their genes, the greater the diﬀerence
is in the degree of similarity within MZ twin pairs com-
pared to DZ pairs, the stronger the genetic inﬂuence is
on those abilities. By examining the importance of genetic
and environmental inﬂuences on contrast sensitivity in a
middle-aged sample that we are following over time, we
begin the ﬁrst step in understanding the mechanisms that
are responsible for both age-related changes in contrast
sensitivity and its subsequent eﬀect on the overall quality
of life among older adults. In order to place the results
from our middle-aged sample in the context of aging, we
also show the mean contrast sensitivity at each frequency
from data that we have collected in another study of youn-
ger and older adults.
2. Methods
2.1. Description of the Vietnam Era Twin Study of Aging
(VETSA)
Data collection began in 2003 for the longitudinal Vietnam Era Twin
Study of Aging (VETSA). Study participants are from the Vietnam Era
Twin (VET) Registry, a population-based sample of male–male twin pairs
living throughout the United States. Registry members were born between
1939 and 1957, served in the military from 1965 to 1975, and are represen-
tative of all veterans from the Vietnam War era on a variety of socio-
demographic variables (Eisen, True, Goldberg, Henderson, & Robinette,
1987; Goldberg, True, Eisen, Henderson, & Robinette, 1987). In the early
1990s, 3322 VET Registry twin pairs participated in the Harvard Twin
Study of Drug Abuse and Dependence, a telephone survey of lifetime sub-
stance use and psychopathology (Tsuang, Bar, Harley, & Lyons, 2001).
Zygosity was determined by a combination of questionnaire and blood
group typing, an approach that has been demonstrated to be 95% accurate
(Eisen, Neuman, Goldberg, Rice, & True, 1989). Participants in the pres-
ent study were randomly selected from those twin pairs who had partici-
pated in the Harvard Twin Study of Drug Abuse and Dependence.
2.2. Sample
2.2.1. VETSA twin sample
This report is based on the ﬁrst 746 individuals who participated in
VETSA. Twins were given the option of traveling to Boston University
or the University of California, San Diego, for a day-long series of
physical and cognitive assessments. Approximately equal numbers were
studied at each site and 26 participants were tested oﬀ-site, with exam-
iners traveling to their home towns. The present analyses include data
from 718 participants for whom standard equipment and chart illumi-
nation were available: 185 complete MZ pairs and 155 complete DZ
pairs, as well as data from 15 unpaired MZ twins and 23 unpaired
DZ twins. We did not administer the contrast sensitivity test to 28 of
the 746 participants; only two on-site participants did not take the test,
but the test was not available for those who participated oﬀ-site. The
study was undertaken with the understanding and written consent of
each participant. All participants were in their 50s at the time of
recruitment, two of whom were 60 by the time of the assessment.
The mean level of education was 13.9 ± 2.1 years (range 4–20).
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was 55.3 years (range 52–60), with an MZ mean of 55.1 (SD = 2.3),
and a DZ mean of 55.4 (SD = 2.2).
2.2.2. Comparison sample
We also have data from 14 younger men (ages 18–25 years, mean of
19.4, SD 1.8) and 16 older men (ages 61–82 years, mean of 68.4, SD
4.1) from a separate study in the Boston laboratory. Data for this study
were collected using the same measures and procedures described
below. For the healthy young comparison group, mean education was
13.4 years (range of 12–18, SD = 1.6) and median acuity was 20/16
(0.10 LogMAR) (none worse than 20/20; 0.00 LogMAR). The healthy
elderly comparison group had a mean education of 15.7 years (range of
9–21, SD = 3.6) and median acuity of 20/20 (none worse than 20/40;
.301 LogMAR). The elderly group was screened for dementia, with
all showing normal cognitive function on multiple neuropsychological
measures. The comparison sample data are shown together with the
VETSA data for descriptive purposes only.
2.3. Procedure and measures
2.3.1. Acuity
Binocular central acuity was measured at 10 feet using the HOTV wall
chart (Good-Lite Co., Forest Park, IL). Participants used their own refrac-
tive correction when necessary. All participants had corrected acuity equal
to or better than 20/40 (.301 LogMAR). The median acuity score for both
the MZ and DZ groups was 20/16 (0.10 LogMAR). Comparison of the
frequency of acuities for the MZ and DZ groups revealed no diﬀerences
in the distribution of acuities (v2 = 4.629, df = 5, p = .463).
2.3.2. Contrast sensitivity
The Functional Acuity Contrast Test (FACT) was administered to
assess static contrast sensitivity (Ginsburg, 1996). Whereas other chart
tests of contrast sensitivity assess this function at a single spatial fre-
quency, the FACT provides information on multiple spatial frequencies.
This chart test is used in clinical and research settings and enables one to
demonstrate the comparability of our sample to others described in the
literature. Lighting for the chart was within the recommended luminance
of 68–240 cd/m2. Participants viewed the chart binocularly from a dis-
tance of 10 feet. The chart consists of 5 rows, each with 9 circles, the
diameter of each circle subtending 1.7 degrees of visual angle. Contrast
decreases monotonically in nine steps from left to right with a range
of .602–2.255 (.59–25% Michelson contrast), and a log step increment
range of 0.109–0.176 (SD = .014). Moving down a column, the gratings
increase in spatial frequency, including 1.5, 3, 6, 12, and 18 cycles per
degree (cpd). In each circle, the gratings are oriented either vertically,
tilted 15 to the left or 15 to the right. The participant’s task was to
indicate verbally or by hand posture the direction in which the lines were
oriented, beginning from leftmost circle to right across each row. A con-
trast sensitivity level was determined for each spatial frequency by ﬁnd-
ing the minimal perceptible contrast level needed to correctly identify the
orientation of the grating for a given row. The participants were
instructed to provide a response for each circle in the row until an incor-
rect response was obtained. The ﬁrst incorrect response was recorded as
the participant’s threshold for that row. In rare cases of uncertainty, we
repeated the row to ensure reliability of response.
2.3.3. Health indicators
Presence of chronic medical conditions was based on self-report in a
medical history interview. Participants indicated if a physician had ever
told them they had any of a list of 49 conditions, including (among others)
diabetes, glaucoma, or hypertension.
2.4. Data analysis
The purpose of behavioral genetic research is to estimate the degree to
which genetic and environmental factors inﬂuence individual diﬀerences
(i.e., variation) in a measured behavior or trait. Within the twin design,the variance of any behavior or trait can be accounted for by four possible
latent factors: additive (eﬀects of diﬀerent alleles ‘‘add up’’) genetic inﬂu-
ences (A); non-additive (a single gene of major inﬂuence and/or gene-gene
interaction) genetic inﬂuences (D); common or shared environmental
inﬂuences (C); and non-shared or individual-speciﬁc environmental inﬂu-
ences (E) (Neale & Cardon, 1992). Because monozygotic twins share 100%
of their genes, they correlate perfectly in terms of both additive (A) and
non-additive (D) genetic inﬂuences. Dizygotic twins, on the other hand,
share on average 50% of their genes (similar to full siblings), resulting in
correlations of .50 for additive genetic inﬂuences and .25 for dominant
genetic inﬂuences because fraternal twins stand only a 25% chance of shar-
ing both paternal and maternal alleles. Shared environmental factors (C)
are deﬁned as environmental characteristics that inﬂuence both members
of a twin pair equally, and are therefore correlated 1.0 across twin pairs,
regardless of zygosity. Shared environmental inﬂuences include such fac-
tors as family socioeconomic status, shared peer groups, and neighbor-
hood eﬀects. By contrast, non-shared environmental factors (E) are
environmental inﬂuences to which siblings are diﬀerentially exposed. By
deﬁnition, non-shared environmental factors make siblings in the same
family diﬀerent from one another, and are therefore uncorrelated across
twins. Possible non-shared environmental inﬂuences include diﬀerences
in pre- and perinatal environments, accidents, and diﬀerences in social
experiences (e.g., diﬀerential treatment by parents or dissimilar peer
groups). Because measurement error is assumed to be random and there-
fore uncorrelated across twins, it is also included in the non-shared envi-
ronmental variance.
In order to estimate the genetic and environmental inﬂuences on visual
contrast sensitivity, we used the maximum-likelihood based structural
equation modeling package Mx (Neale, Boker, Xie, & Maes, 2002). Mx
allows for biometrical models to be ﬁt to data in order to diﬀerentiate
the genetic and environmental inﬂuences on variation in a given trait or
characteristic (phenotype). One of the limitations of the standard twin
design is that it cannot model the eﬀects of both non-additive genetic
(D—dominance) and shared environmental (C—common) inﬂuences
simultaneously. For this reason, twin studies often test the ‘‘ACE’’ and
‘‘ADE’’ models separately (see Fig. 1). When MZ correlations are greater
than DZ correlations, this implies the presence of genetic inﬂuence (A—
additive). In cases where the MZ correlation is more than twice the DZ
correlation, this implies that some of the genetic inﬂuence may operate
non-additively, which translates into both A (additive) and D (dominance)
eﬀects. By contrast, if the MZ correlation is greater than the DZ correla-
tion, but the DZ correlation is more than one-half the MZ correlation, this
implies the presence of both additive genetic (A) and shared environmental
(C—common) eﬀects. Accordingly, both non-additive genetic inﬂuences
and shared environmental inﬂuences cannot be estimated simultaneously,
as they make opposite predictions about the relative diﬀerence between
MZ and DZ correlations (Neale & Cardon, 1992).
The overall ﬁt of each model was determined by comparing its
negative two log-likelihood (2LL) to that of a saturated model
which simply provides the observed means, variances, and covariance
of the data without imposing model constraints. Therefore, a satu-
rated model provides a representation of the data against which the-
oretical models can be tested. By comparing the saturated model to
any of the ‘‘full’’ models (i.e., ACE, ADE) we can evaluate the
degree to which the observed data adhere to fundamental assump-
tions of the twin design (i.e., equality of means and variances across
groups). For a model to be considered a good ﬁt to the data it must
represent a non-signiﬁcant reduction in ﬁt relative to the saturated
model. In other words, the probability value (p), based on the diﬀer-
ence in 2LL (distributed as v2 with degrees of freedom equal to the
diﬀerence in degrees of freedom between the saturated model and
theoretical model) must be greater than .05.
One of the advantages of using structural equation models is that they
also allowus to compare the relative ﬁt of alternative theoreticalmodels that
are nested within one another. For example, the E-only model is a nested
submodel of the AE model, which itself is a nested submodel of both the
ADE and ACE models. The diﬀerence in 2LL between nested submodels
is also distributed as a chi-square (called the LikelihoodRatio Test statistic,
Table 1
Lifetime prevalence of health-related conditions in the MZ and DZ
samples
E C A
Twin 1
A C E
Twin 2
MZ 1.0 / DZ 0.5
e2
MZ 1.0 / DZ 1.0
E D A
Twin 1
A D E
Twin 2
MZ 1.0 / DZ 0.5
MZ 1.0 / DZ .25
c2 a2 a2 c2 e2
a2 c2 e2e2 c2 a2
Fig. 1. Univariate ACE (upper) and ADE (lower) path diagrams.
Monozygotic twins share 100% of their genes; therefore, they correlate
perfectly in terms of the additive (‘A’) and non-additive (‘D’; a single gene
of major inﬂuence and/or gene–gene interaction) genetic inﬂuence.
Dizygotic twins share on average 50% of their genes, resulting in
correlations of roughly .50 for additive genetic inﬂuence and .25 for
non-additive genetic inﬂuence. The familial environment (‘C’) for both
types of twins is assumed to be equal and not aﬀected by the observed
similarity of the twins (Neale & Cardon, 1992). ‘A’ = additive genetic
inﬂuences; ‘C’ = common or shared environmental inﬂuences; ‘D’ = non-
additive (a single gene of major inﬂuence and/or gene–gene interaction)
genetic inﬂuences; ‘E’ = nonshared or individual-speciﬁc environmental
inﬂuences (Neale & Cardon, 1992).
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el shows a signiﬁcant LRT, this indicates that the reducedmodel does not ﬁt
as well as the comparisonmodel. TheAkaike’s InformationCriterion (AIC)
(Akaike, 1987) can also be used to compare competing models. The AIC is
calculated by the diﬀerence in the 2LL minus two times the diﬀerence in
degrees of freedom between two models (AIC = Dv2  2*Ddf). More nega-
tive AIC values represent a superior balance between goodness-of-ﬁt and
parsimony. Because the ACE and ADE models are not nested within one
another, the AIC must be used to determine which model provides a better
ﬁt to the observed covariance among twins.MZ (N = 385) DZ (N = 333) v2 p value
Diabetes 13.8% 9.6% 3.0 .083
Glaucoma 0.8% 2.7% 4.02 .045
Hypertension 36.9% 35.7% 0.102 .750
Stroke 1.3% 1.2% 0.01 .943
Lifetime smoking 67.3% 67.6% 0.007 .933
Current smoking 31.3% 34.7% 0.628 .428
df = 1.3. Results
3.1. Preliminary analyses
A mixed design analysis of variance (ANOVA) with one
between-subjects variable (zygosity) and one within-sub-jects variable (spatial frequency) was performed to com-
pare MZ and DZ twins’ performances (contrast
sensitivity at each spatial frequency) on the FACT assess-
ment. Because a violation of the sphericity assumption
was observed, the Greenhouse–Geisser correction was
applied to the data (e = .535). As expected, results revealed
no main eﬀect of zygosity (F[1,708] = 0.05; p = .82), a main
eﬀect of spatial frequency (F[2.14,1514.02] = 2718.02;
p < .001), and a non-signiﬁcant interaction between zygos-
ity and spatial frequency (F[2.14,1514.02] = 0.78; p = .46).
We concluded that the variability of contrast sensitivity
across spatial frequencies did not diﬀer based on the zygos-
ity of our participants. The MZ and DZ groups also
showed similar rates of diabetes, hypertension, and other
medical conditions that may have aﬀected vision (see Table
1). Removing the few participants with glaucoma from
analyses (3MZ, 9DZ) did not result in a signiﬁcant change
in univariate parameter estimates.
3.2. Age diﬀerences in contrast sensitivity
Fig. 2 depicts the VETSA sample data (combined MZ
and DZ twins) with reference to the contrast sensitivity
curves of young comparison adults and elderly comparison
adults who were tested on the contrast sensitivity chart in
the Boston lab. We observed the normal age-related decline
in contrast sensitivity at high spatial frequencies with rela-
tive preservation of sensitivity to low frequencies. As
expected for middle-aged adults, the VETSA sample falls
between the young and elderly groups for sensitivity at
higher frequencies.
3.3. Genetic and environmental inﬂuences on variation in
visual contrast sensitivity
Table 2 presents the cross-twin correlations, stratiﬁed by
zygosity, for each spatial frequency. Without exception the
correlation between MZ twins was greater than the respec-
tive DZ twin correlation, indicating the presence of genetic
inﬂuence. Moreover, the MZ correlations were more than
twice the DZ correlations, suggesting the possible presence
of non-additive genetic eﬀects, and lessening the likelihood
that shared environmental factors play a signiﬁcant role in
variation in contrast sensitivity. Nevertheless, the 95% con-
ﬁdence intervals around the correlations were relatively
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Fig. 2. Mean performance of young comparison adults (n = 14, ages 18–
25), the VETSA sample (n = 714, ages 52–60), and elderly comparison
adults (n = 16, ages 61–82) at each spatial frequency as a function of the
mean log contrast sensitivity. Standard deviations at 1.5, 3, 6, 12, and
18 cpd, respectively, are as follows for each group: Young .12, .28, .27, .20,
.27; VETSA .11, .14, .16, .24, .29; Elderly .08, .16, .14, .25, .23.
Table 2
Cross-twin correlations stratiﬁed by zygosity (95% conﬁdence intervals)
MZ DZ
1.5 cpd .203 (.132, .273) .040 (.086, .006)
3 cpd .160 (.018, .295) .020 (.139, .178)
6 cpd .370 (.241, .486) .141 (.021, .296)
12 cpd .219 (.080, .351) .027 (.137, .190)
18 cpd .250 (.113, .377) .077 (.079, .229)
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twins, indicating that shared environmental inﬂuences
could not be completely ruled out. For this reason, both
ADE and ACE models were ﬁt to the data from each spa-
tial frequency category, and the AIC statistic was used to
determine which model ﬁt the observed data better. We
also ﬁt the nested AE and E models, and used both the
LRT and AIC statistics to determine which model pro-
vided the best ﬁt overall.
At each spatial frequency, both the full ADE and ACE
models provided a good ﬁt to the data, with p values rang-
ing from .218 to .609 (Table 3). Because the ADE model
was the preferred model at all ﬁve spatial frequencies based
on a comparison of AIC values, this was used as the com-
parison model for our two nested models (the AE and
E-only models). For three of the ﬁve spatial frequencies
examined (6, 12, & 18 cpd), we were able to reject an E
model outright, based both on the signiﬁcant reduction in
ﬁt relative to the saturated model and the signiﬁcant
LRT values. By contrast, the AE model did not show a sig-
niﬁcant reduction in ﬁt relative to the saturated model, nor
were the LRT values signiﬁcant for the comparisons of the
AE model with the full ADE model. This ﬁnding suggests
that while the presence of non-additive genetic eﬀects could
not be completely ruled out at these frequencies, the
magnitude of the non-additive eﬀects was not signiﬁcantlydiﬀerent from zero. Moreover, the AE model provided the
lowest AIC value, indicating that it was the best model in
all cases. At the two remaining spatial frequencies (1.5
and 3 cpd), we were unable to reject the E-only model
based solely on a comparison with the saturated model,
but there were other indications that the model without
genetic inﬂuence was not the best-ﬁtting model. First, as
above, a comparison of the AE model with the full ADE
model revealed a non-signiﬁcant LRT value, indicating
that non-additive genetic inﬂuence was not signiﬁcantly
diﬀerent from zero. There was a signiﬁcant LRT value
from the comparison of the AE and E models at both fre-
quencies, indicating that the model without genetic inﬂu-
ence (E) ﬁt signiﬁcantly more poorly than the model that
also included additive genetic inﬂuence (AE). As above,
the AE model also yielded the lowest AIC values, indicat-
ing that it did provide the best ﬁt to the data at all spatial
frequencies. As shown in Table 4, the estimates of genetic
inﬂuence obtained from these best-ﬁtting AE models ran-
ged from 14% to 38% of the total variance in contrast sen-
sitivity, with the greatest eﬀect occurring at 6 cpd.
4. Discussion
The results of the present study demonstrate that the
majority of the variance in visual contrast sensitivity, at all
spatial frequencies, was accounted for by non-shared envi-
ronmental inﬂuences. There was a modest genetic compo-
nent to contrast sensitivity during midlife across all tested
spatial frequencies, with diﬀerent heritability estimates for
the various individual frequencies. The strongest eﬀect based
on the best-ﬁtting model (Table 4) was at the middle spatial
frequency (6 cpd), for which the genetic contribution was
38%. Although the additive genetic eﬀects were signiﬁcantly
diﬀerent from zero, non-shared environmental inﬂuences
explained the largest proportion of variation in contrast sen-
sitivity at all frequencies, ranging from 62% to 86%.Wewere
unable to detect any inﬂuence of the environment shared by
twins on contrast sensitivity during middle-age.
These ﬁndings may seem somewhat surprising; because
contrast sensitivity is a primary biologically-based function,
one might accordingly expect more of the variance to be
accounted for by genes. This is not necessarily the case, how-
ever; all things genetic must be biological, but all things bio-
logical do not have to be genetic. In this context, it is worth
emphasizing the fact that heritability, which is the propor-
tion of phenotypic variance that is attributable to genetic
variance, is a statistical and a population construct that is
not informative about speciﬁc genes or about particular indi-
viduals. The modest heritability of contrast sensitivity indi-
cates little genetic variation, even though the basis of
contrast sensitivity is likely to be genetic. Indeed, for some
characteristics, little variation may be adaptive. For exam-
ple, having two eyes is a characteristic that is determined
by genes, but it must have extremely low heritability
because—almost certainly for adaptive reasons—it mani-
fests virtually no variation in the population.
Table 3
Univariate model ﬁtting results
Model 2LL DF D2LL DDF p value AIC LRT df p value
1.5 cpd
Saturated 1148.220 708 — — — — — — —
ACE 1138.337 714 9.883 6 .130 2.117 — — —
ADE 1139.938 714 8.282 6 .218 3.718 — — —
AE 1138.337 715 9.883 7 .195 4.117 1.601 1 .206
E 1133.745 716 14.475 8 .070 1.525 4.592 1 .032
3.0 cpd
Saturated 826.918 708 — — — — — — —
ACE 821.906 714 5.012 6 .542 6.988 — — —
ADE 822.417 714 4.501 6 .609 7.499 — — —
AE 821.906 715 5.012 7 .658 8.988 0.511 1 .475
E 817.540 716 9.378 8 .311 6.622 4.366 1 .037
6.0 cpd
Saturated 507.506 708 — — — — — — —
ACE 498.991 714 8.515 6 .203 3.485 — — —
ADE 499.926 714 7.580 6 .271 4.420 — — —
AE 498.991 715 8.515 7 .289 5.485 0.935 1 .334
E 469.054 716 38.452 8 <.001 22.452 29.937 1 <.001
12.0 cpd
Saturated 7.447 707 — — — — — — —
ACE 14.812 713 7.365 6 .288 4.635 — — —
ADE 14.123 713 6.676 6 .352 5.324 — — —
AE 14.812 714 7.365 7 .392 6.635 0.689 1 .407
E 23.200 715 15.753 8 .046 0.247 8.388 1 .004
18.0 cpd
Saturated 359.488 700 — — — — — — —
ACE 364.969 706 5.481 6 .484 6.519 — — —
ADE 364.561 706 5.073 6 .534 6.927 — — —
AE 364.969 707 5.481 7 .602 8.519 0.408 1 .523
E 377.522 708 18.034 8 .021 2.034 12.553 1 <.001
Note. D2LL based on comparison of each model with the saturated model. The LRT is based on a comparison of nested models; the E model is a nested
submodel of the AE model, and the AE model is a nested submodel of the ADE model.
Table 4
Parameter estimates for AE models (95% conﬁdence intervals)
Additive genetic (a2) Non-additive genetic (d2) Unique environment (e2)
1.5 cpd .15 (.01, .29) — .85 (.71, .99)
3 cpd .14 (.01, .27) — .86 (.73, .99)
6 cpd .38 (.25, .49) — .62 (.51, .75)
12 cpd .19 (.06, .31) — .81 (.69, .94)
18 cpd .23 (.11, .35) — .77 (.65, .89)
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measurement error, could have accounted for the results.
The test estimated the contrast sensitivity threshold, with
true threshold falling between the contrast level for which
the participant accurately responded and the next contrast
level for that same spatial frequency. Despite this design lim-
itation, however, the reliability of the test is reasonable (.73
across spatial frequencies in patients with Alzheimer’s dis-
ease assessed with the Vistech, an earlier version of the
FACT; Cronin-Golomb et al., 1995) with greater reliability
at higher than lower frequencies. Others have likewise
reported variable reliability with the Vistech, with the same
pattern of better reliability at higher than lower frequencies
(reviewed in Pesudovs,Hazel,Doran,&Elliott, 2004). There
is less information available regarding the FACT speciﬁ-
cally, but Pesudovs and colleagues (2004) compared theFACT and Vistech and found similar reliability for the two
tests as well as reporting the usual pattern of better reliability
at higher than lower frequencies for both tests. Bu¨hren, Ter-
zi, Back, Wesemann, and Kohnen (2006) reported that
repeatability results with the FACT were consistent with
those of earlier studies, but also acknowledged that in their
study the luminance provided was lower than that recom-
mended for use of the test. Further test-retest reliability
assessment of the FACT is to be encouraged for future stud-
ies. In a separate study, we found that performance on the
test correlated signiﬁcantly with performance on a true
threshold measure of contrast sensitivity in which partici-
pants (young adults, older adults, and individuals with Alz-
heimer’s disease) identiﬁed letters presented at varying levels
of contrast (Cronin-Golomb, Gilmore, Neargarder, Morri-
son, & Laudate, in press). This ﬁnding oﬀers some support
A. Cronin-Golomb et al. / Vision Research 47 (2007) 2179–2186 2185for the reliability and usefulness of the FACT, which has the
further advantage over most other computerized or chart
tests in that it assesses contrast sensitivity at multiple spatial
frequencies. In light of these ﬁndings, the large amount of
variance accounted for by non-shared (individual-speciﬁc)
environmental inﬂuences in the results of the present study
is probably not attributable primarily tomeasurement error,
though such error maymake some contribution especially at
the lower spatial frequencies. The results can be taken to
mean that individual-speciﬁc environmental events must
play a role inmodulating the genetic/biological phenomenon
of contrast sensitivity. Determining what type of events—
whether external or biological—have an impact on contrast
sensitivity will be important for generating potential
approaches toward improving it.
The age range of 52–60 at assessment describes individu-
als whose contrast sensitivity presumably has undergone a
degree of normal age-related change, some of which could
reﬂect incipient disease eﬀects (Owsley et al., 1983). As these
individuals age, some are likely to develop age-related visual
pathology (cataract, glaucoma, macular degeneration) as
well as pathology associated with neurodegenerative disor-
ders such as Alzheimer’s disease and Parkinson’s disease.
Common age-related disorders that have a signiﬁcant
genetic component include glaucoma (Gottfredsdottir, Sver-
risson, Musch, & Stefansson, 1999), macular degeneration
(Klein, Mauldin, & Stoumbos, 1994), and general thinning
of the retinal nerve ﬁber layer (Hougaard et al., 2003). In
regard to healthy older adults, twin studies have revealed
genetic contributions to aspects of vision that do not arise
from disease processes, including the spherical equivalent
of refractive error and axial length of the eyeball (Teikari
& O’Donnell, 1989; Valluri et al., 1999). As noted above,
individual-speciﬁc environmental events—such as injuries,
illness, or poor access to vision care, to name a few—may
aﬀect contrast sensitivity with age. That is, several possible
genetic and environmental factors may alter the heritability
of contrast sensitivity across the lifespan.
The all-male, relatively homogenous composition of our
sample limits our ability to generalize these results to other
populations. A further limitation of our study is that we used
the FACT contrast sensitivity test as our sole measure of
visual function besides corrected acuity. Because the con-
trast sensitivity threshold is not based on a continuous mea-
surement, the threshold must be considered an estimate. An
advantage of the FACT, however, is its ability to estimate
thresholds at several spatial frequencies, which most tests
of contrast sensitivity are not designed to do (Neargarder,
Stone, Cronin-Golomb, & Oross, 2003).
Contrast sensitivity is an important visual function
because of its role in predicting cognitive and functional
decline in normal aging and in common age-related disor-
ders. The low heritability and the relatively strong inﬂuence
of individual-speciﬁc environmental events that we observed
for contrast sensitivity suggest that a focus of future research
should be on identifying the types of individual-speciﬁc envi-
ronmental experiences that inﬂuence this ability. Alteringthose experiences by mid-adulthood may conceivably result
in the delay of decline in cognitive and functional abilities
that is associated with visual impairment. Longitudinal
examination of the respective inﬂuences of genes and envi-
ronment on contrast sensitivity may further address the
probable eﬃcacy of vision-based interventions to improve
cognition and daily function in adults from middle age to
the later years of the lifespan.Acknowledgments
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